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S-1. Input parameters for emission-to-exposure archetypes 
As emission-to-exposure PM2.5 model input, Table S1 provides numerical values for 
scenario-independent parameters, i.e. same values across implemented archetypes. Table S2 
provides numerical values for default (global average) outdoor and indoor archetypes at 
level 1. For medium level of detail at level 2, Table S3 provides values for urban outdoor 
archetypes, Table S4 for rural outdoor archetypes, and Table S5 for residential and 
occupational indoor archetypes. Values for specific cities at high level of detail at level 3 are 
provided in the separate Supporting Information Excel workbook. 
 
Table S1: Numerical values for scenario-independent, constant model parameters. 
Parameter Value 
Individual breathing rate 16 m3/d (a) 
Fraction of daily time spent in indoor environments 0.9 (b) 
Material surface area to indoor air volume ratio 3 m2/m3 (c) 
Average (room) height of indoor environments 3 m (a) 
(a) 
Average across studies included in Hodas et al.,
1
 not distinguishing between indoor and 
outdoor at global average for individual breathing rate 
(b) 
Nazaroff and Goldstein,
2
 and average across studies included in Hodas et al.
1
 
(c) 
Lower bound of range of values reported in Singer et al.
3
 
 
Table S2: Numerical values for level 1 default (global average) outdoor & indoor archetypes. 
Environment Parameter Value 
Outdoor 
urban 
environment 
Population count 2 million capita (a) 
Linear population density 141.4 capita/m (b) 
Urbanized air cross section area 200 km2 (c) 
Atmospheric dilution rate 420 m2/s (d) 
Atmospheric mixing height 119.5 m 
(e)
 
Atmospheric particle deposition velocity 86.4 m/d (f) 
Outdoor  
rural 
environment 
Population count 998 million capita (g) 
Rural air cross section area 9.01 × 106 km2 (c) 
Wind velocity 6.65 m/s (h) 
Atmospheric mixing height 1000 m (e) 
Atmospheric particle deposition velocity 418.2 m/d (i) 
Precipitation rate 700 mm/yr (j) 
Indoor  
environment 
Air exchange rate between indoor and outdoor air 0.62 hr−1 (k) 
Occupancy (air volume per person) 67 m3/person (l) 
Particle deposition velocity 1 m/d (m) 
Air recirculation rate 0 d−1 (n) 
Efficiency of air filters 0 %  (n) 
Supporting Information                                    Characterizing Aggregated Exposure to Primary Particulate Matter 
 S3 
(a) 
Population for representative city yielding an intake fraction close to a population-weighted 
average intake fraction of 39 ppm across 3646 cities from Apte et al.
4
 and corresponding to 
the weighted average city population in year 2015
5
 
(b) 
Global population-weighted average linear population density 𝐿𝑃𝐷 [capita/m] based on 
fitting city-specific 𝐿𝑃𝐷 on city-specific population 𝑃𝑂𝑃 [capita] across 3646 cities4 as 
log(𝐿𝑃𝐷) = −1.494 + 0.578 × log(𝑃𝑂𝑃) with R2 = 0.62 
(c) 
City area calculated from population for representative city 𝑃𝑂𝑃 [capita] and global 
population-weighted average linear population density 𝐿𝑃𝐷 [capita/m] across 3646 cities4 
as 𝐴 = (𝑃𝑂𝑃 𝐿𝑃𝐷⁄ )2; global rural air cross section area including urbanized areas based 
on parameterized continental box
6
 
(d) 
Global population-weighted normalized average atmospheric dilution rate 𝐷𝑅 [capita/m] 
calculated from population-weighted harmonic mean across 3646 cities from Apte et al.
4
 as 
𝐷𝑅̅̅ ̅̅ = ∑ 𝑃𝑂𝑃𝑙𝑙 ∑ (𝑃𝑂𝑃𝑙 𝐷𝑅𝑙⁄ )𝑙⁄ , where city-specific dilution rates 𝐷𝑅𝑙 are derived from the 
long-term harmonic mean of product of linearly interpolated city-specific wind speed 𝑢𝑙 
[m/s] and mixing height ℎ𝑙 [m] as 𝐷𝑅𝑙 = 1 (1 𝑢𝑙⁄ × ℎ𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )⁄  
(e) 
Global average urbanized atmospheric mixing height ℎ [m] calculated from population-
weighted harmonic mean across 3646 cities from Apte et al.
4
 as 
ℎ̅ = ∑ 𝑃𝑂𝑃𝑙𝑙 ∑ (𝑃𝑂𝑃𝑙 ℎ𝑙⁄ )𝑙⁄ , where city-specific mixing heights ℎ𝑙 are derived from the 
long-term harmonic mean of time-resolved mixing heights for the years 2007-2009 from 
NASA’s Modern-Era Retrospective Analysis for Research and Applications;7 global 
average atmospheric mixing height in rural areas based on parameterized continental box
6
 
as reported in Humbert et al.
5
 
(f) 
Global average atmospheric particle deposition velocity in urban areas assuming no 
difference in surface roughness between different cities
8
 
(g) 
Population in rural area based on parameterized continental box representing total 
population in a region minus the population of a single urban area
6
 
(h) 
Global average wind velocity over the entire atmospheric mixing height
9
 
(i) 
Global average atmospheric particle deposition velocity in rural areas
6
 as function of 
intermittent precipitation patterns as described in Jolliet and Hauschild
10
 
(j) 
Global average precipitation rate parameterized across continental regions
9
 
(k) 
Average air exchange rate between indoor and outdoor air calculated from the average of 
air exchange rates reported for Finland, The Netherlands, Norway, Sweden, and the United 
States
11
 
(l) 
Average air volume of indoor environments per person (occupancy) calculated from the 
average across studies included in Hodas et al.,
1
 not distinguishing between indoor 
environments in urban and rural areas 
(m) 
Average particle deposition velocity in indoor environments based on values reported by 
Nazaroff et al.,
12
 and Riley et al.
13
 
(n) 
Average indoor air recirculation rate and filter efficiency are assumed to be zero as baseline 
scenario
14
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Table S3: Model intercepts 𝛼, R2, and standard error SE of the log for urban outdoor 
archetypes linear population density 𝐿𝑃𝐷 fitted as log(𝐿𝑃𝐷) = 𝛼 + 0.578 × log(𝑃𝑂𝑃) for 
global average level 1, and for average cities in continental and subcontinental regions at 
medium level of detail at level 2, and resulting numerical values for the fitted 𝐿𝑃𝐷 [capita/m], 
and for other characteristics of average urban areas per region at level 2, namely city 
population 𝑃𝑂𝑃 [million capita], city area 𝐴 [km2], average urbanized atmospheric mixing 
height ℎ [m], and average air exchange rate between indoor and outdoor air 𝑘ACH [hr
–1
]. 
Atmospheric dilution rates and atmospheric particle deposition velocities in urban areas at 
level 2 are set equal to the global default values (see Table S2). 
Geographical 
region 
𝐿𝑃𝐷 fitting model Other city characteristics 
𝛼 R
2
 SE 𝑳𝑷𝑫 𝑷𝑶𝑷 𝑨 𝒉(b) 𝒌𝐀𝐂𝐇
(c)
 
Global average −1.494 0.62 0.15 141.4 2.00 200.1 119.5 0.62 
C
o
n
ti
n
en
ta
l 
re
g
io
n
s 
North America −1.76 0.86 0.10 84.6 2.36 778.6 118.3 0.62 
Latin America −1.57 0.76 0.12 159.9 3.34 436.3 124.9 0.62 
Europe −1.60 0.79 0.10 94.9 1.52 256.5 109.6 0.62 
Africa & Middle East −1.44 0.76 0.12 132.7 1.44 117.8 115.1 14 
Central Asia −1.55 0.56 0.13 91.2 1.18 167.6 106.1 0.62 
Southeast Asia −1.39 0.69 0.13 181.6 2.04 126.2 109.1 14 
Northern regions −1.54 0.79 0.06 53.0 0.44 69.0 113.3 0.21 
Oceania −1.74 0.82 0.13 47.0 0.78 275.6 183.5 0.62 
S
u
b
co
n
ti
n
en
ta
l 
re
g
io
n
s(
a
)  
W1 −1.54 0.56 0.13 90.9 1.13 154.6 106.1 0.62 
W2 −1.42 0.74 0.12 170.2 2.02 140.8 123.6 14 
W3 −1.87 1.00 0.00 19.5 0.29 222.2 133.7 0.21 
W4 −1.71 0.83 0.12 49.5 0.77 242.0 184.8 0.62 
W5 −1.45 0.79 0.11 127.5 1.41 122.3 120.4 0.62 
W6 −1.42 0.75 0.12 133.4 1.36 104.0 113.4 14 
W7 −1.67 0.80 0.11 107.2 2.47 531.4 115.6 0.62 
W8 −1.64 0.83 0.11 127.6 2.94 530.5 125.8 0.62 
W9 −1.47 0.82 0.10 203.4 3.37 274.5 127.0 0.62 
W10 −1.75 0.86 0.10 84.1 2.25 715.0 118.3 0.62 
W12 −1.53 0.79 0.16 52.7 0.42 63.5 113.3 0.21 
W13 −1.59 0.79 0.10 94.4 1.45 235.9 109.6 0.62 
W14 −1.49 0.69 0.14 194.2 3.44 313.7 123.7 14 
IND −1.40 0.82 0.10 223.7 3.01 181.1 108.3 14 
CHI −1.33 0.69 0.13 157.6 1.26 63.9 106.4 0.62 
JAP −1.52 0.72 0.13 184.4 3.44 347.8 134.0 0.62 
(a) 
W1: Central Asia, W2: Indochina, W3: Northern Australia, W4: Southern Australia & New 
Zealand, W5: Southern Africa, W6: North, West, East & Central Africa, W7: Argentina+, W8: 
Brazil+, W9: Central America+ & Caribbean, W10: USA & Southern Canada, W12: Northern 
Europe & Northern Canada, W13: Europe, W14: East Indies & Pacific, IND: India+, CHI: Eastern 
China, JAP: Japan & Korean peninsula 
(b)
 Median across city-specific urbanized atmospheric mixing heights per region from Apte et al.
4
 
(c)
 Data based on ASHRAE 62.2,
15
 Hodas et al.,
1
 and Rosenbaum et al.
11
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Table S4: Numerical values for rural outdoor archetypes at medium level of detail at level 2, 
namely population 𝑃𝑂𝑃 [million capita] calculated as total rural and urban population per 
region minus population of average urban area per region, area 𝐴 [km2] calculated as sum of 
land surface and sea surface area per region, average wind velocity over the entire 
atmospheric mixing height 𝑢 [m/s], average precipitation rate 𝑝 [mm/yr], average atmospheric 
particle deposition velocity 𝑣dep [m/d], and average air exchange rate between indoor and 
outdoor air 𝑘ACH [hr
–1
]. Average atmospheric mixing heights in rural areas at level 2 are set 
equal to the global default value (see Table S2). 
Geographical region Rural area characteristics 
𝑷𝑶𝑷(b) 𝑨(b) 𝒖(b) 𝒑(b) 𝒗𝐝𝐞𝐩
(c)
 𝒌𝐀𝐂𝐇
(d)
 
C
o
n
ti
n
en
ta
l 
re
g
io
n
s 
North America 334.81 1.52 × 107 6.95 707.3 421.0 0.62 
Latin America 578.98 2.31 × 107 6.51 1612.1 666.4 14 
Europe 751.22 1.02 × 107 6.77 552.6 359.1 0.62 
Africa & Middle East 1127.13 3.49 × 107 4.26 658.2 402.1 14 
Central Asia 231.78 1.75 × 107 7.33 217.7 201.6 14 
Southeast Asia 3666.16 1.78 × 107 6.45 1516.1 647.0 14 
Northern regions 16.41 1.94 × 107 8.76 489.7 331.9 0.21 
Oceania 25.17 8.70 × 106 7.43 1295.7 598.0 0.62 
S
u
b
-c
o
n
ti
n
en
ta
l 
re
g
io
n
s(
a
)  
W1 231.78 1.76 × 107 7.33 217.7 201.6 14 
W2 360.29 5.46 × 106 4.86 2365.2 798.9 14 
W3 3.06 8.18 × 106 4.41 1480.8 639.5 0.62 
W4 22.11 2.19 × 106 10.45    506.7 339.4 0.62 
W5 301.45 1.08 × 107 3.45 1015.5 523.9 14 
W6 825.68 2.51 × 107 5.07 508.0 339.9 14 
W7 65.65 5.25 × 106 7.36 702.1 419.0 0.62 
W8 236.69 1.13 × 107 4.87 1765.3 695.6 14 
W9 276.64 7.27 × 106 7.32 1976.8 733.4 14 
W10 334.81 1.63 × 107 6.95 707.3 421.0 0.62 
W12 16.41 2.39 × 107 8.76 489.7 331.9 0.21 
W13 751.22 1.03 × 107 6.77 552.6 359.1 0.62 
W14 237.44 3.36 × 106 7.99 1480.8 639.5 14 
IND 1553.18 5.09 × 106 4.98 1226.4 581.1 14 
CHI 1326.73 7.27 × 106 6.11 1226.4 581.1 14 
JAP 188.51 1.02 × 106 8.33 2365.2 798.9 0.62 
(a) 
W1: Central Asia, W2: Indochina, W3: Northern Australia, W4: Southern Australia & New 
Zealand, W5: Southern Africa, W6: North, West, East & Central Africa, W7: Argentina+, W8: 
Brazil+, W9: Central America+ & Caribbean, W10: USA & Southern Canada, W12: Northern 
Europe & Northern Canada, W13: Europe, W14: East Indies & Pacific, IND: India+, CHI: Eastern 
China, JAP: Japan & Korean peninsula 
(b)
 Continent and subcontinent specific data based on Kounina et al.
9
  
(c)
 Data as implemented in Rosenbaum et al.
6
 based on intermittent rain model from Jolliet and 
Hauschild
10
 
(d)
 Data based on ASHRAE 62.2,
15
 Hodas et al.,
1
 and Rosenbaum et al.
11
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Table S5: Numerical values for residential and occupational indoor archetypes at medium 
level of detail at level 2, namely average air exchange rate between indoor and outdoor air 
𝑘ACH [residential settings: hr
–1
; occupational settings: m
3
/hr/capita], room air volume per 
person (occupancy) 𝑉pers [m
3
/capita], air recirculation rate 𝑘circ [hr
–1
], and efficiency of air 
filters 𝜀 [%]. Average particle deposition velocities in residential and occupational indoor 
environments at level 2 are set equal to the global default value (see Table S2). 
Indoor settings Indoor area characteristics 
𝒌𝐀𝐂𝐇
(a) 𝑽𝐩𝐞𝐫𝐬
(b)
 𝒌𝐜𝐢𝐫𝐜
(c)
 𝜺 (d) 
R
es
id
en
ti
al
 
low air exchange | no filtration/recirculation | low occupancy 0.21 100 0 0 
low air exchange | no filtration/recirculation | medium occupancy 0.21 67 0 0 
low air exchange | no filtration/recirculation | high occupancy 0.21 30 0 0 
medium air exchange | no filtration/recirculation | low occupancy 0.62 100 0 0 
medium air exchange | no filtration/recirculation | medium occupancy 0.62 67 0 0 
medium air exchange | no filtration/recirculation | high occupancy 0.62 30 0 0 
high air exchange | no filtration/recirculation | low occupancy 14 100 0 0 
high air exchange | no filtration/recirculation | medium occupancy 14 67 0 0 
high air exchange | no filtration/recirculation | high occupancy 14 30 0 0 
low air exchange | including filtration/recirculation | low occupancy 0.21 100 1 62.5 
low air exchange | including filtration/recirculation | medium occupancy 0.21 67 1 62.5 
low air exchange | including filtration/recirculation | high occupancy 0.21 30 1 62.5 
medium air exchange | including filtration/recirculation | low occupancy 0.62 100 1 62.5 
medium air exchange | including filtration/recirculation | medium occupancy 0.62 67 1 62.5 
medium air exchange | including filtration/recirculation | high occupancy 0.62 30 1 62.5 
O
cc
up
at
io
na
l low air exchange | low occupancy | no filtration/recirculation 9.72 5 0 0 
medium air exchange | medium occupancy | no filtration/recirculation 30.6 5 0 0 
high air exchange | high occupancy | no filtration/recirculation 46.8 10 0 0 
low air exchange | low occupancy | including filtration/recirculation 9.72 5 5 62.5 
medium air exchange | medium occupancy | including filtration/recirculation 30.6 5 5 62.5 
(a) 
Residential: low air exchange rate calculated from 35 L/s reported in ASHRAE 62.2 (bedrooms 
with 4 to 5 persons and a floor area of 139.1 to 279 m
2
)
15
 and a standard room area of 200 m
2
, 
medium air exchange rate calculated from average values reported for Finland, The Netherlands, 
Norway, Sweden, and the United States,
11
 and high air exchange rate based on average across 
values reported in Hodas et al.
1
; occupational (m
3
/hr/capita): low equivalent air exchange rate 
calculated from 2.7 L/s/capita reported in ASHRAE 62.1 (auditorium seating area + lobbies),
16
 
medium equivalent air exchange rate calculated from 8.5 L/s/capita reported in ASHRAE 62.1 
(office space),
16
 and high equivalent air exchange rate calculated from 13 L/s/capita reported in 
ASHRAE 62.1 (health club/weight rooms)
16
 
(b)
 Average low, medium and high occupancies calculated from upper range, average and lower range 
of values across studies included in Hodas et al.
1
 
(c)
 High recirculation removal rates based on values reported in Chen et al.
17
 assuming 20% daily 
runtime reported for air conditioning systems in residential buildings
18
, while assuming 100% 
daily runtime in  occupational buildings, i.e. systems always run during working hours 
(d)
 High filter efficiencies based on an average over the range between 40 and 85% of ASHRAE 52.2 
MERV classes 9-12 for Intended Dust Spot Efficiency for superior residential buildings
19
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S-2. Correction of outdoor urban to rural air transfer 
The transfer from outdoor urban air to outdoor rural air was adjusted by considering 
city-specific dynamics as a function of fitting area and dilution rate across cities in a 
correction factor. This correction factor improves the correlation between intake fraction and 
the rate coefficient linking the urban area to its background rural environment compared to a 
direct transfer only based on dilution rate and size of the urban area, i.e. without involving the 
linear population density. The correction factor 𝑓u,corr was derived as follows: 
We start from the intake fraction 𝑖𝐹o,u related to the transfer from outdoor urban to 
rural air 𝑘o,r←o,u and the exposure factor from outdoor urban air via inhalation 𝑋𝐹o,u: 
  𝑖𝐹o,u =
𝑋𝐹o,u
𝑘o,r←o,u
            (S1) 
where 
  𝑋𝐹o,u =
𝐵𝑅o×𝑃𝑂𝑃u
𝑉o,u
=
𝐵𝑅o×𝑃𝑂𝑃u
ℎo,u×𝐴o,u
          (S2) 
and 
  𝑘o,r←o,u =
𝐷𝑅o,u
ℎo,u×√𝐴o,u
× 𝑓u,corr          (S3) 
with breathing rate 𝐵𝑅, human population count 𝑃𝑂𝑃, air volume 𝑉, atmospheric mixing 
height ℎ, and air cross section area 𝐴, normalized atmospheric dilution rate 𝐷𝑅, and 
correction factor accounting for city-specific dynamics in area and dilution rate 𝑓u,corr. 
Integrating eqs. S2 and S3 into eq. S1 yields 
  𝑖𝐹o,u =
𝐵𝑅o
𝐷𝑅o,u×𝑓u,corr
×
𝑃𝑂𝑃u
√𝐴o,u
           (S4) 
When defining the linear population density 𝐿𝑃𝐷 as4 
  𝐿𝑃𝐷 =
𝑃𝑂𝑃u
√𝐴o,u
             (S5) 
and correcting units for 𝐴o,u from km
2 to m2 and for 𝐷𝑅o,u from seconds to days allows to fit 
the ratio of 𝑖𝐹o,u and 𝐿𝑃𝐷 as function of 𝐴o,u and 𝐷𝑅o,u across all 3646 cities reported in Apte 
et al.,
4
 yielding an intercept 𝛼 = 1.84, and regression coefficients for area, 𝛽𝐴 = −0.0508, 
and for dilution rate, 𝛽𝐷𝑅 = −0.0508, with 𝑅² = 0.96 and standard error on the log, 𝑆𝐸 =
0.037: 
  
𝑖𝐹o,u
𝐿𝑃𝐷
=
𝐵𝑅o
𝐷𝑅o,u×𝑓u,corr
= 101.84 × 𝐴−0.0508 × 𝐷𝑅−0.876       (S6) 
Eq. S6 can be solved for 𝑓u,corr as 
  𝑓u,corr =
𝐵𝑅o
101.84
× 𝐴0.0508 × 𝐷𝑅−0.124         (S7) 
Using our default breathing rate of 𝐵𝑅 = 14.5 m3/d then yields our final correction factor: 
  𝑓u,corr = 4.95 × 𝐴
0.0508 × 𝐷𝑅−0.124         (S8) 
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S-3. Estimating urban population and city area for given regions 
Urban area and population for a given city must be consistently derived for any 
average city at any spatial level (e.g. subcontinental, continental, or global). Consistency 
between these parameters is ensured by using the linear population density (see eq. S5). We 
start from eq. S6 and solve it for intake fraction 𝑖𝐹o,u: 
  𝑖𝐹o,u = 10
1.84 × 𝐴−0.0508 × 𝐷𝑅−0.876 × 𝐿𝑃𝐷        (S9) 
Using the relation 𝐴 = (𝑃𝑂𝑃 𝐿𝑃𝐷⁄ )2 derived from eq. S5 and the general model to fit 𝐿𝑃𝐷 
for any city in a given region 𝑥 as log(𝐿𝑃𝐷) = 𝛼𝑥 + 𝛽 × log(𝑃𝑂𝑃) (see main text and Table 
S3), we can substitute 𝐿𝑃𝐷 in eq. S9 as 
  𝑖𝐹o,u = 10
1.84 × 𝐷𝑅−0.876 × ( (𝑃𝑂𝑃 10𝛼𝑥+𝛽×log(𝑃𝑂𝑃)⁄ )2⏞                 
𝐴
)−0.0508 × 10𝛼𝑥+𝛽×log(𝑃𝑂𝑃)⏞          
𝐿𝑃𝐷
 (S10) 
which we can simplify to 
  𝑖𝐹o,u = 10
1.84 × 𝐷𝑅−0.876 × 101.1016×𝛼𝑥 × 𝑃𝑂𝑃1.1016×𝛽−0.1016    (S11) 
To finally back-calculate the population for an average city for a given region that yields an 
exposure close to the population-weighted average urban intake fraction of this region, we can 
solve eq. S11 for 𝑃𝑂𝑃 as 
  𝑃𝑂𝑃 = (
𝑖𝐹o,u
101.84×𝐷𝑅−0.876×101.1016×𝛼𝑥
)
(1.1016×𝛽−0.1016)−1
     (S12) 
and additionally yield a corresponding urban area (see main text, Table 1) of 
  𝐴 = (𝑃𝑂𝑃 10𝛼𝑥+𝛽×log(𝑃𝑂𝑃)⁄ )
2
= (10−𝛼𝑥 × 𝑃𝑂𝑃1−𝛽)
2
     (S13) 
 
S-4. PM2.4 indoor-outdoor emission-to-exposure model 
The complete PM2.5 indoor-outdoor emission-to-exposure modeling framework is 
implemented as a Microsoft Excel spreadsheet and is provided free-of-charge in a separate 
Supporting Information file to this publication. 
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